For a decade and a _ GP$ Common.V'w time transfer has greatly served the needs ol primary timing laboratories for regular inter¢omparisons of remote atomic clocks. However, GP$ as a oneway technique has natural limits and may not meet all challenges of the comparison of the coming new generations of atomic clocks. Two-Way YNateUite Time and Frequency Transfer (TWSTFT) is a promising technique which may successfully complement GP$. For two years, regular TWSTFT's have been performed between eight laboratories situated in both Europe and North America, using INTELXAT satellites. This has enabled an ex_ensive direct comparison to be made between these two high performance time.transfer methods. The performance of the TWSTFT and GP8 Common-W_ew methods are compared over a number of time-transfer links. These links use a variety of timeotransfer hardware and atomic clocks and have baselines of substantially different lengths. The relative merits of the two time-transfer systems are discussed. 347 https://ntrs.nasa.gov/search.
INTRODUCTION
The performance of atomic clocks maintained at primary timing laboratories have improved considerably in recent years. There is now a challenge to develop suitable time and frequency transfer methods to exploit this improved performance.
The standard method of intercomparmg clocks contributing to International Atomic Time (TAI) is by common-view of Global Positioning System (GPS) satelliteslll.
Two-Way Satellite Time and Frequency Transfer (TWSTFT) has in recent years been developed as an alternative time and frequency transfer methodl21. TWSTFT as a two-way time-transfer method, offers many potential advantages over the existing one-way methods.
Due to the symmetrical nature of the TWSTFT method, several sources of systematic errors are either eliminated or greatly reduced. These include errors associated with Earth station and satellite positions along with ionospheric and tropospheric delay errors. Therefore, there is no need to use post-processed precise ephemerides and measurements of ionosphere and tropospheretl01. For each link, a Vondrak smoothing was performed on the values UTC(Labl)-UTC(Lab2), which acts as a low-pass filter with a cut-off period ranging from 0.5 day to 2 days depending on the pair of laboratoriesIlll.
Those cut-off periods have been chosen as being approximately the limit between the short time intervals, where the measurement noise is dominant, and the longer intervals where the clock noise prevails. Finally, the smoothed values were interpolated for the occurrence of the TWSTFT measurements.
The Vondrak smoothing method is illustrated in Figure  1 . The "cloud" of GPS data points are shown, along with the curve resulting from the smoothing.
The GPS links were differentially calibrated with an uncertainty of about 2 nstt21.
RESULTS
Curves of the (PTB-NPL) time transfer made over a two-year period are shown in Figure 2 . The offset between the two curves is due in part to the delay asymmetries of the TWSTFT instrumentation not being calibrated, and in part to an offset of 150 ns being added to dearly separate the two curves. Values of _y were calculated from TWSTFT, GPS, and (TWSTFT-GPS) data sets that contained only data collected on the same MJDs. When data were missing from one data set, the corresponding data were removed from the other data sets before processing. Any discrete delay steps occurring due to known instrumentation changes were removed before the #_ values were calculated.
Large discrete delay steps of amplitude 20 ns and 30 ns were removed from the FTZ data sets before calculating _. These steps occurred only occasionally within a data set and were not typical of the data scatter.
Values of _,) varied considerably between the TWSTFT links. The (PTB-NPL) time transfer was the most stable link. These results were attributed to the use of an active Sigma Tau hydrogen maser at NPL and the Primary Cesium clock (CS2) at PTB compared with the use of commercial HPS071A cesium clocks at the other laboratories.
With averaging times (r) of 2.3 days or longer, the principal instability contributing to the _) values was clock noise. This is explained below. differences, due to the partial elimination of noise from the clocks.
Despite
the lower a) values obtained from the GPS time transfers, the conclusion should not be drawn that the GPS common-view method offers the best technique for clock comparison. The lower cr_ values may be due to the choice of TWSTFT and GPS measurement schedules, rather than to an intrinsically higher accuracy of the GPS method. The _) values obtained from a TWSTFT are calculated from "spot" five-minute readings, made either two or three days apart.
In contrast, the _,y values obtained from a GPS common-view time transfer are calculated from "weighted means _ of up to two days' data, with approximately thirty satellite readings contributing to each day's data. _,_ values calculated from these mean values will be lower even in the case where two perfect time-transfer systems are used.
To illustrate the above point further, co-located clock comparisons have been made between two HPS071A commercial cesium clocks and an active hydrogen maser at NPL. One hundred days of measurements have been examined. Values of c,_ obtained from the comparisons are shown in Table 4 , using averaging times (r) of 2, 4, and 8 days. The _) values were calculated from single readings, from the mean of 48-readings taken over the two days, and from the (single reading -mean readings) differences.
The results show the advantage of taking measurements throughout the 48-hour period. With a two-day averaging time, the _) values calculated from the mean readings were substantially lower than the _ values calculated from the single readings. The values of _ obtained from the co-located measurements were comparable with, and only slightly lower than, the _) values obtained from the TWSTFT and GPS time transfers. These results suggest that a large fraction of each time transfer oy value is due to clock noise. These results also show that the differences between the % values obtained from the TWSTFT and GPS common-view systems is most likely to be due to the choice of measurement schedule, rather than any intrinsically better delay stability of the GPS system. 
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